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Abstract 
Conceived to exceed the conversion efficiency of conventional photovoltaic devices, the intermediate band solar cell bases its operation on 
exploiting, besides the usual band-to-band optical transitions, the absorption of two sub-bandgap photons. For the present, the only technology 
used to implement an intermediate band in real devices has been the growth of an InAs/GaAs quantum dot superlattice. In practice, the obtained 
material shows two limitations: the narrow energy gap between conduction and intermediate band and the appearance of growth defects due to the 
lattice stress. The consequences are the presence of non-radiative recombination mechanisms and the thermal escape of electrons from the 
intermediate to the conduction band, hindering the splitting of the quasi-Fermi levels associated with the intermediate and conduction bands and 
the observation of photocurrent associated with the two-photon absorption. By reducing the temperature at which the devices are characterised we 
have suppressed the parasitic thermal mechanisms and have succeeded in measuring the photocurrent caused by the absorption of two below 
bandgap photons. In this work, the characterization of this photocurrent at low temperature is presented and discussed. 
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1. Introduction 
Intermediate band solar cells (IBSC) base their operation on 
the use of intermediate band materials: semiconductors that 
possess a third energetic band, the intermediate band (IB), in-
between the bandgap formed by the conduction (CB) and 
valence (VB) bands (Fig. 1). As is the case for the CB and 
VB in conventional semiconductors, the IB must be separated 
from the other bands by a zero density of states, giving rise to 
two additional bandgaps, labeled £ L and Ea in the figure. 
Having three bandgaps, three optical transitions, labeled (1), (2) 
and (3), are caused by the absorption of photons of different 
energies. The IBSC theory also predicts that the electron-hole 
pairs produced can be extracted from the material at a voltage 
limited by the larger bandgap EG and not by the smaller ones. 
To achieve this, the IB material is sandwiched between two 
layers of conventional semiconductor (emitters) of opposite 
doping, which provide the required selective contacts to the CB 
and the VB, and leave the IB unconnected with the external 
contacts. Fig. 2 represents the band diagram of the IBSC in 
operation, showing the three quasi-Fermi levels that describe 
the electronic population in the IB material. One of them is 
pinned to the IB, which means that this band is half-occupied 
and thus possesses a steady electronic population. This implies 
that the double-absorption process (sum of absorptions (1) and 
(2)) that confers extra electron-hole pairs to the IBSC is not 
given necessarily by the improbable simultaneous absorption of 
two photons by one VB electron. 
Thanks to the IB, the cell is able to deliver more current than 
a single-gap solar cell of the same bandgap EG, while preserving 
its voltage. This confers to the novel concept an efficiency limit 
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Fig. 1. Equilibrium band diagram and possible absorption processes of an IB 
material. The CB offsets induced by the QDs are also shown. 
of 63.2% under maximum concentration, the same value as for a 
series connected triple tandem cell and to be compared with 
the Shockley-Queisser limit of 40.7% for conventional solar 
cells . This limit could be raised to over 70% by combining 
two IBSCs in a series tandem 
For the moment, the only approach that has allowed the 
implementation of practical IBSCs is based on the use of 
quantum dot (QD) superlattices The quantum confining 
potential of a QD is three dimensional. Therefore it produces 
atom-like discrete levels and their electronic wavefunctions 
may overlap with those of levels in neighbour QDs if they are 
close enough. Given an appropriate band offset between the dot 
and barrier materials, these discrete levels can produce an 
isolated IB, as it is shown schematically in Fig. 1. Following 
this approach, IBSCs have been fabricated using QDs of InAs in 
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GaAs and some experimental knowledge has already been 
gained about them The use of QDs has some drawbacks, 
such as the low QD density and number of layers achievable, 
together with the weak absorption between IB and CB. Never-
theless, it is nowadays a quite mature technology and has proven 
a useful approach to test the IBSC principles of operation. 
An advantage of the QD approach is that QDs exhibit a 
phonon-bottleneck effect: as a consequence of their big volume 
relative to the lattice spacing and hence small volume in recip-
rocal space, they do not possess large vibrational modes that can 
be used to thermalize carriers between bands Unfortu-
nately, it has been observed that during the growth of real QD 
material, disorder defects and dislocations appear due to in-
elastic relaxation of the strain in the lattice Furthermore, 
it has been suggested that real QD material exhibit a proper 
phonon-bottleneck effect only for low temperatures 
This fact, together with the low absorption exhibited by the QDs 
in the IB-CB transition, has made impossible until now the 
observation of photocurrent produced by absorption of two sub-
bandgap photons through the IB at room temperature. However, 
we have succeeded in measuring this photocurrent by lowering 
the working temperature of the device, corroborating one of 
the key principles of the IBSC concept In this work, 
further experiments have been carried out to characterise this 
photocurrent. 
2. The QD-IBSC samples 
The QD-IBSCs used in our experiments were processed 
from InAs/GaAs QD structures grown by molecular beam 
epitaxy using the Stranski-Krastanov growth mode [16]. Fig. 3 
shows the internal structure of the devices, which have a 
junction area of 4 mm . The In flux was calibrated by reflection 
high energy electron diffraction (RHEED) intensity oscillations 
from an InAs wafer and set to a growth rate of 0.032 monolayers 
per second (ML/s). A stack of 10 QDs and capping layers was 
grown, each one consisting of 3.2 ML of InAs deposited at 
460°C followed by 5 nm of un-GaAs, Si-doping with an areal 
density of 1 x 10 cm and finally 3.5 nm of un-GaAs to 
complete the capping of the dots. The density of the modulated 
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Fig. 2. Band diagram and quasi-Fermi levels of an IBSC in working conditions, Fig. 3. Sketch of the structure of the QD-IBSC samples used in the experiments, 
Si 8-doping equals that of the dots, since its purpose is to induce 
the required half-filling of the IB At this point in the 
growth of the stack, the substrate temperature was raised to 
580 °C and held there for 10 min to smooth the surface of the 
GaAs cap The wafer temperature was then lowered back 
to 460 °C and the next period of the QD stack grown. 
The samples exhibit at room temperature a quantum 
efficiency as depicted in Fig. 4. The quantum efficiency of a 
GaAs reference cell is also shown for comparison. The structure 
of this reference cell is identical to that of the QD-IBSC (Fig. 3), 
with the only difference of not containing the QD layers. It can 
be observed that for wavelengths greater than 879 nm, that 
corresponds to the gap energy of GaAs (1.41 eV), the response 
of the reference cell decays abruptly, while that of the QD-IBSC 
sample shows further photocurrent until approx. 1300 nm and 
then decays. This extra photocurrent is caused by the absorption 
of photons from the VB to the IB. The most probable reasons 
for this sub-bandgap photocurrent to be collected at high tem-
peratures are mechanisms of thermal and tunneling escape of 
carriers form the IB to the CB. From this data it is deduced that 
the two extra bandgaps of our QD material are EH ~ 0.95 eVand 
£ L ~ 0 - 4 6 eV, although given the narrowing of the fundamental 
bandgap due the presence of the dots, £L might have a much 
lower value (~0.3 eV) 
3. Experimental 
The experimental set-up to measure the photocurrent pro-
duced by absorption of two sub-bandgap photons is represented 
in Fig. 5. The QD-IBSC sample is placed in a closed-cycle He 
cryostat in which the temperature of the device can be lowered 
down to 6 K. The sample faces two windows of the cryostat 
that are used to illuminate it simultaneously with two different 
light sources. The primary light beam, originated by a halogen 
lamp, is tuned from the UV to the IR wavelengths by a mono-
chromator as in a conventional spectral response measurement. 
Its objective is to pump electrons from the VB to the IB. The 
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Fig. 4. Absolute external quantum efficiency of the QD-IBSC samples (solid line). 
The quantum efficiency of a GaAs cell with identical structure but no QD material 
is also shown for reference (dashed line). 
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Fig. 5. Experimental set-up developed for measurement of photocurrent due to 
absorption of two sub-bandgap photons 
secondary light comes from an infrared source (filament heated) 
and is filtered by a 350 urn thick GaSb wafer. The filter assures 
that no photons from the secondary source with energy higher 
than 0.7 eV can reach the cell and thus, according to the QE of 
the samples, this source can only cause promotions from the IB 
to the CB. 
To ensure the distinction between both contributions and 
the specific record of two-photon photocurrent, a frequency 
modulated technique has been used. The secondary beam has 
been optically chopped at a frequency of 13 Hz and the cell has 
been connected to a low noise transresistance pre-amplifier. The 
pre-amplifier biases the QD-IBSC at 0 V, which means that in 
all the presented measurements the cell is working in short-
circuit. This is a very relevant point, because it means that the 
signal recorded has a photovoltaic origin and is not related to an 
optically induced conductivity change in the IB material. The 
continuous light from the primary source gives rise to a dc 
current in the cell that is filtered in the pre-amplifier. Then, the 
ac amplified signal, transformed to a voltage signal, is delivered 
to a digital lock-in amplifier synchronized to the chopper of the 
secondary beam. The signal that is measured in the lock-in is 
then, effectively, a double-absorption photocurrent: it results 
from the electron-hole pairs created in response to the excitation 
between IB and CB by the secondary light, when a pumping 
level between VB and IB is provided by the primary light. 
Given the small magnitude of the expected signal and the fact 
that the dc current caused by the primary beam may be orders 
of magnitude higher, low noise measurement techniques, such 
as wire screening, adequate groundings and a previous noise 
spectral record, are required in the set-up. 
4. Results 
Fig. 6 shows the dependence on the temperature of the 
double-absorption photocurrent for a fixed wavelength of the 
primary source (790 nm). It can be seen that at high tem-
peratures only electrical noise is recorded by the system. When 
the temperature lowers to about 90 K a signal of photocurrent 
emerges from the noise and it rises as the temperature continues 
decreasing until it reaches the value of 4.5 10~n A/mm2. We 
chose two temperatures: 80 K, which is close to the turning 
point of the double-absorption photocurrent, and 6 K, and 
perform a spectral scan of the photocurrent by tuning the wave-
length of the primary source. The results are presented in Fig. 7 
with the labels (b) and (c), respectively. We have added to the 
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Fig. 6. Dependence of the photocurrent due to double sub-bandgap absorption 
on the temperature of the QD-IBSC. 
plot the curve (a), the photocurrent produced by illuminating the 
QD-IBSC only with the primary source and the curve (d), the 
noise level of the experiment, both recorded at 80 K. 
Curve (a) has been obtained by chopping the primary light 
beam and disconnecting the secondary source and its chopper. It 
equals the dc current flowing through the device when the 
double-absorption experiment is performed (divided by a factor 
of 2 , because in this case it is recorded as ac signal and thus 
the magnitude measured is the rms value). It must be noticed 
that this current is for a wide range of wavelengths three orders 
of magnitude higher than the relevant photocurrent. Besides, it 
can be observed that the signal produced by sub-bandgap 
photons, promoting electrons only from the VB to the IB, does 
not disappear at 80 K. This is also the case for lower tem-
peratures, which indicates that probably carriers are escaping 
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Fig. 7. Measurements of the QD-IBSC photocurrent versus the wavelength of 
the primary light: (a) photocurrent produced by the primary light alone at 80 K, 
(b) photocurrent measured when the secondary light is on and chopped at 6 K, 
(c) same measurement at 80 K, and (d) result at 80 K of the same double-photon 
photocurrent measurement, but letting the secondary source off and chopped 
(represents the noise level of the experiment). 
from the dots by tunnel effect This is justified by the fact 
that at zero bias the QDs lie in the space charge region of the 
junction, where the bands are not flat. It must be noticed that the 
n-doped and intrinsic layers that surround the QD material have 
been designed to flatten the bands under voltage bias and 
in all this experiments the QD-IBSC is short-circuited. 
Curve (d) is the result of exactly the same measurement as 
for curve (c), where the secondary source is the one chopped, 
but in this case this source is turned off. Hence, curve (d) rep-
resents the noise level of the experiment at 80 K. It can be 
observed that it is not constant for all wavelengths of the primary 
source. In the range at which the absorption of primary light is 
very high (between 450 and 850 nm) the noise level raises. Curves 
(b) and (c) show that the photocurrent due to electron-hole pairs 
created by double absorptions grows when decreasing the 
temperature, in concordance with Fig. 6. At 80 K the current 
measured lies still very close to the noise in the system, while for 
lower temperatures its magnitude has raised enough to be clearly 
recorded. 
Fig. 8 shows the measurement of photocurrent due to two-
photon absorption at different low temperatures (40 K, 20 K and 
6 K). Since the signal measured is in fact very low, it is 
necessary to check that it actually comes from a double ab-
sorption and excludes the possibility that, in spite of the GaSb 
filter used, spurious photons of too high energy may reach the 
cell from the chopped secondary source. This possibility is 
discarded by the dependence of the photocurrent on the primary 
light wavelength. The signal arises when primary photons 
impinging the cell achieve a significant amount (this cut-on is 
given by the optics and the secondary filters used in the 
monochromator) and decays when the absorption of primary 
photons is too low. Moreover, the signal does not decay 
abruptly when the bandgap of GaAs is reached, excluding the 
contribution to the photocurrent of primary light reflected on 
the chopper of the secondary source. On the contrary, the pho-
tocurrent collected is higher when the primary light wavelength 
is over approx. 700 nm. When the energy of the primary photons 
E 
E 
3. 
o 1E-12 
1E-13 
BOO 1000 
Primary beam wavelength (nm) 
Fig. 8. Measurements of the QD-IBSC photocurrent due to double sub-bandgap 
absorption versus the wavelength of the primary light for different temperatures 
of the device. 
exceeds that of the bandgap of the cell, they contribute to the 
double photon transitions by promoting an electron from the 
deeper bands of the VB to the IB. Nevertheless, these energetic 
photons have a high probability of being absorbed through VB-
to-CB transitions in the emitter and not reaching the QD 
material, which could explain the form of the curves. This does 
not mean that the photocurrent measured has to drop completely 
for high energy photons that are very efficiently absorbed in the 
emitter, since it is expected that the emitter re-radiates a part of 
the light absorbed to the inner of the cell where the QD material 
is located, especially at low temperatures. It is also remarkable 
that at the temperature of 20 K the double-absorption pho-
tocurrent has already reached its maximum value for primary 
photons of wavelength over 700 nm. 
5. Conclusions 
The photocurrent produced by double-absorption of sub-
bandgap photons predicted by the IBSC model has been 
measured in QD-IBSCs fabricated with InAs/GaAs material 
using a modulated technique with two light beams. The photo-
current was not measurable for temperatures higher than 90 K 
and its value increased for lower temperatures, showing a 
smaller increase from 40 K to about 20 K, where it achieves its 
maximum value. The dependence of this photocurrent on the 
energy of photons producing transitions from the VB to IB has 
been measured for different temperatures, showing that when 
the energy exceeds approx. 1.7 eV the photocurrent decreases, 
probably due to absorption in the emitter. 
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